ABSTRACT: Increased plasma NEFA concentrations and compromised immune responses are associated with increased disease susceptibility during farrowing and lactation. Increased plasma NEFA concentrations cause changes in the fatty acid (FA) content of plasma lipid fractions and peripheral blood mononuclear cells (PBMC) that could modify infl ammatory responses. The goals of this study were to describe changes in plasma lipid composition and to characterize the FA content and proinfl ammatory phenotype of PBMC in periparturient and lactating sows. Blood samples from 10 sows were collected at 2 wk prefarrow, at 2 d after farrowing (hereafter referred to as farrowing), and at 18 d of lactation (hereafter referred to as lactation). Total lipids and lipid fractions were extracted from plasma and PBMC. Isolated PBMC also were assessed for gene expression of proinfl ammatory cytokines and enzymes involved in lipid mediator biosynthesis using quantitative PCR. The FA profi le of plasma NEFA, phospholipids, neutral lipids, and PBMC phospholipids differed from the composition of total lipids in plasma. At farrowing and lactation, the proportion of palmitic and stearic acids increased (P < 0.05) in the plasma NEFA and phospholipid fractions in comparison with prefarrowing concentrations. At the same time, the concentration of palmitic and linoleic acids increased (P < 0.05) in the PBMC phospholipid fraction. Omega-3 FA, including docosapentaenoic and docosahexaenoic, increased (P < 0.05) at farrowing in plasma and PBMC phospholipids compared with prefarrowing and lactation. Gene expression of IL-1β, IL-6, IL-8, and tumor necrosis factor-α (TNFα) decreased (P < 0.05) after farrowing and in lactation. Similarly, cyclooxygenase expression was reduced during lactation when compared with farrowing (P < 0.05). This study demonstrated changes in FA composition of serum lipid fractions and PBMC cellular membranes. Furthermore, it provided an initial assessment of infl ammatory responses in mononuclear cells as a function of plasma and PBMC content of saturated and omega-3 FA. Future studies need to address the effect of increased NEFA concentrations, the main hallmark of lipid mobilization, and changes in plasma and cellular lipid profi les on immune function.
INTRODUCTION
Sows are more susceptible to disease around farrowing and during the lactation period. In fact, approximately 40% of sow deaths occur during the fi rst 2 wk after farrowing (Anil et al., 2008) . Increased disease susceptibility was associated with changes in metabolic and immune functions (Sasaki and Koketsu, 2008) . During farrowing and lactation, sows have increased energy demands to support fetal growth and milk production (Mosnier et al., 2010) . Lipid mobilization, causing the release of NEFA into circulation, supplies part of the energy required for these processes. In humans and dairy cattle, increased plasma NEFA concentrations alter the fatty acid (FA) composition of plasma and cellular membranes of immune cells by increasing the concentrations of palmitic and stearic acids (Alipour et al., 2008; Contreras et al., 2010) . Greater cellular content of these FA is directly linked with enhanced activation of human and bovine leukocytes (Håversen et al., 2009; Scalia et al., 2006) .
Changes in immune cell function in farrowing and lactating sows are characterized by reductions in the proliferative response and phagocytic activity of peripheral blood mononuclear cells (PBMC) to bacterial antigens (Jakovac-Strajn et al., 2011) . These changes may be related to alterations in the PBMC proinfl ammatory phenotype induced by physiological processes common to farrowing and lactation including lipid mobilization (Kimura et al., 1999) . The hypothesis of this study was that lipid mobilization during farrowing and lactation alters the FA content of plasma and PBMC phospholipids and these changes are associated with alterations in PBMC proinfl ammatory phenotype. The specifi c aims of this study were to i) determine how changes in plasma FA profi les during lipid mobilization were refl ected in plasma lipid fractions and PBMC phospholipid compositions, and ii) establish changes in PBMC proinfl ammatory phenotype around farrowing and during the lactation period.
MATERIALS AND METHODS
All animal procedures were approved by the Michigan State University Animal Care and Use Committee.
Animal Selection and Blood Sampling Procedures
From a group of 40 gestating sows, a cohort of 10 multiparous (parity = 3) Yorkshire sows with the narrowest range of BCS, subjectively assessed as Score 3 on a scale of 1 to 5, were selected. Upon selection, animals were moved to the farrowing facility. Sows were fed using the standard practices of the farm: 2.5 kg/d of a standard gestation diet until 3 d before due date, at which time the lactation diet was fed at the same level. Diet FA content is shown in Table 1. In the 24 h encompassing farrowing, sows were restricted to 0.8 kg/d. Sows were fed for ad libitum consumption for the duration of lactation. Blood samples were obtained at the time of selection, 2 wk before their due date, before moving to farrowing accommodations (prefarrowing), at 2 d after farrowing (farrowing), and at 18 d of lactation (lactation). Blood (150 mL) was collected 2 h after morning feeding by jugular venipuncture in the presence of sodium citrate and ascorbic acid. Specimens were transported on ice to the laboratory within 1 h after collection.
Isolation of Mononuclear Cells and Flow Cytometry
Plasma and PBMC were isolated by centrifugation at 456 × g for 30 min at 25°C and differential gradient using fi coll-paque as previously described by our group (Contreras et al., 2010 ) and stored at −80°C until needed for lipid extraction. A subsample of PBMC was collected to determine cellular populations using fl ow cytometry as described previously (Shafer-Weaver et al., 1999) . Cells were incubated with these mouse monoclonal antibodies raised against lineage-specifi c porcine leukocyte antigens (VMRD, Pullman, WA): cluster of differentiation (CD) 2 (T lymphocytes at 1:100 vol/vol), CD3 (T cell receptor at 1:100 vol/vol), CD4 (T-helper at 1:160 vol/vol), CD8 (T-cytotoxic at 1:100 vol/vol), CD18 (lymphocytes at 1:100 vol/vol), CD21 (B-lymphocytes at 1:100 vol/vol), CD172a (monocyte at 1:100 vol/vol), and CD16 (monocyte at 1:100 vol/vol; Abcam, Cambridge, MA). Antibodies were diluted in a solution containing sterile PBS, 2% fetal bovine serum (FBS), and 10% sodium azide.
Lipid Extractions
Lipid mobilization intensity was characterized by measuring plasma NEFA concentrations with the NE-FA-HR-2 kit (Wako, Richmond, VA), following the manufacturer's protocol as outlined by Contreras et al. (2010) . Total lipids from plasma and PBMC were extracted using a hexane and ethanol (1:1; vol/vol) mixture as described previously (Contreras et al., 2010) . Subsamples of lipids isolated from plasma and PBMC were further separated into NEFA, phospholipids, and neutral lipids (cholesterol esters and triglycerides) fractions by solid-phase extraction using Sep-Pak Vac Cartridges (Phenomenex, Torrance, CA) containing aminopropyl (NH 2 ) sorbent (Kaluzny et al., 1985) . In brief, cartridges were conditioned with hexane before loading with lipid extracts, the neutral lipid fraction was eluted with chloroform:2-propanol (2:1; vol/vol), the NEFA with 2% acetic acid in diethyl ether, and the phospholipid fraction with methanol. The 1,2-diheneicosanoylglycero-3-phosphocholine (21:0 phosphatidylcholine) was used as the internal standard for lipid fractioning. Fatty acids from feeds, total extractions, and each lipid fraction were transesterifi ed and methylated using 20% methanolic hydrochloric acid for 2 h at 90°C (Browse al., 1986) . Methyl esters of FA were then separated and quantifi ed by GLC using a PerkinElmer Clarus 500 gas chromatograph (PerkinElmer, Waltham, MA) with a Supelco SP-2560 column (100 m × 25 mm with a 0.2-μm fi lm thickness; Supelco, Bellefonte, PA). Initial oven temperature was 100°C, held for 1 min, then increased to 210°C at a rate of 8°C/min, then held at 210°C for the remainder of the run. The injector temperature was set at 250°C and the detector temperature at 275°C. Helium was used as the carrier gas at a fl ow rate of 45 mL/min. The split ratio was 30:1. Fatty acid peaks were identifi ed by using a mix of pure methyl ester standards (NuChek Prep, Elysian, MN). Quantitation of FA was performed with Waters Empower 2 software (Waters, Milford, MA), which identifi es and calculates the corrected sample peak area by matching its retention time with the standards and adjusting by the response factor.
Gene Transcript Quantifi cation by Quantitative PCR
Total RNA was extracted from PBMC for quantifi cation of IL-1β, , cyclooxygenase 1 (COX1), cyclooxygenase 2 (COX2), 15 lipoxygenase 1 (15LOX1), and β-actin mRNA transcript expression by quantitative PCR (qPCR) as formerly described (Corl et al., 2008) . Briefl y, total RNA was extracted from whole blood using the QIAamp RNA Blood Mini Kit (Qiagen, Valencia, CA). Genomic DNA was removed by performing a DNase digest during the RNA extraction using the RNaseFree DNase Set (Qiagen). Purity and concentration of mRNA were evaluated with a NanoDrop 1000 (Thermo Scientifi c, Wilmington, DE). All samples had a 260/280 ratio between 1.9 and 2.1. A random group of samples was evaluated with an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA) to assess RNA integrity. All samples had an RNA integrity number above 6. Purifi ed RNA was converted to cDNA using the Applied Biosystems High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA). All qPCR assays were conducted usingTaqMan gene expression assays from Applied Biosystems. TaqMan primer and probe sets (Table 2) were designed from porcine sequences with the Applied Biosystems Pipeline software and synthesized by Applied Biosystems. Samples were assayed in triplicate with 50 ng of cDNA per reaction along with 10 μL of TaqMan Fast Universal PCR Master Mix (2×) and 1 μL of the appropriate TaqMan Gene Expression Assay Mix (20×) on the Applied Biosystems 7500 Fast RealTime PCR System. A nonreverse transcriptase control (nonRT) was run to ensure genomic DNA was not being amplifi ed. The relative quantifi cation of each gene was calculated using the 7500 Fast SDS Software (v. 1.3.1; Gallagher et al., 2003) . Data were calculated based on the comparative Ct (cycle threshold) method (2 −ΔΔCt ) of relative quantifi cation using β-actin as the control reference gene (Steibel et al., 2009) . In previous studies from our group, β-actin was found to be very stable in bovine whole blood (Hill et al., 2011) . Thus, custom Taqman assays were generated for pig and the effi ciency was found to be 100%. A subset of 5% of total samples was initially run to assess stability. During the analysis of all of the samples, the variance for β-actin Ct was 0.35. Gene expression results were analyzed using the prefarrowing sample (2 wk before farrowing) as calibrator.
Statistical Analyses
Variables were analyzed as repeated measures using a mixed model procedure (PROC MIXED; SAS Inst. Inc., Cary, NC). This model was used to estimate the sampling day effect on each of the measured variables:
where Y ij is the dependent variable for sow i in sample j relative to farrowing; μ is the overall mean of the population; S i is the fi xed effect as the repeated factor; and e ij is the random error, assumed to be correlated. The CORR procedure of SAS was used to determine correlations between specifi c FA concentrations in different lipid fractions in plasma and PBMC, total plasma NEFA (quantifi ed in mEq/L), gene expression of proinfl ammatory cytokines, and the percentage values for specifi c PBMC phenotypes. Signifi cance was set at α = 0.05. 
RESULTS

Plasma Lipid Composition
Plasma NEFA concentrations increased (P < 0.05) at 2 and 18 d after farrowing (Fig. 1) . Fatty acid composition of plasma total lipids differed from that of the different plasma lipid fractions, including neutral lipid, phospholipids, and NEFA. The FA with greatest concentrations in plasma total lipids of sows at farrowing and lactation were palmitic, stearic, oleic, linoleic, and arachidonic (Table 3) . Linoleic acid concentrations were reduced (P < 0.05) at farrowing compared with other sampling points. Arachidonic acid was increased (P < 0.05) at lactation compared with the farrowing concentration. Myristic content was reduced (P < 0.05) at lactation compared with farrowing and prefarrowing values. Stearic acid increased (P < 0.05) at lactation compared with earlier periods. Vaccenic and elaidic acids decreased (P < 0.05) at lactation compared with prefarrowing content. Remarkably, docosapentaenoic (DPA) and docosahexaenoic (DHA) acids concentrations peaked at farrowing compared with lactation and prefarrowing (P < 0.05).
Oleic and linoleic were the FA with the greatest concentrations in the neutral lipids plasma lipid fraction (Table 4) . Oleic acid concentrations increased at lactation compared with farrowing (P < 0.05). In contrast, linoleic acid concentrations decreased (P < 0.05) at farrowing compared with prefarrowing and lactation. Myristic and stearic acid concentrations were increased (P < 0.05) at farrowing compared with prefarrowing and lactation values. Palmitic acid in the neutral lipid fraction reached its peak at farrowing and then decreased to its nadir at lactation (P < 0.05). Elaidic acid increased (P < 0.05) at farrowing compared with prefarrowing values. At the same time, arachidonic acid concentrations decreased (P < 0.05) sharply at farrowing and then increased (P < 0.05) at lactation. In accordance with what was observed in the total plasma lipids analysis, DPA and DHA concentrations peaked at farrowing compared with lactation and prefarrowing (P < 0.05).
In contrast to neutral lipids, the main FA in plasma NEFA were palmitic and stearic acids (Table 5) . Myristic, stearic, oleic, vaccenic, and linoleic acid concentrations were greater (P < 0.05) at farrowing and lactation compared with prefarrowing concentrations. Palmitic and elaidic acids reached their highest concentrations in the NEFA fraction at farrowing and remained greater (P < 0.05) at lactation compared with prefarrowing concentrations. Arachidonic acid was not found in the NEFA fraction. No DPA or DHA were detected in the NEFA fraction in the lactation sample.
Palmitic, stearic, oleic, and linoleic acids were the FA with the highest concentrations in plasma phospholipids (Table 6 ). Myristic acid reached its greatest concentrations at farrowing and remained greater (P < 0.05) at lactation compared with the prefarrowing concentration. Palmitic and stearic acid contents were increased (P < 0.05) only at lactation. Palmitoleic acid, DPA, and DHA concentrations were increased (P < 0.05) only at farrowing. In contrast, oleic acid was less (P < 0.05) at lactation compared with prefarrowing and farrowing contents. Vaccenic acid decreased (P < 0.05) progressively during the experimental period. Unexpectedly, linoleic acid concentrations were less (P < 0.05) at farrowing and arachidonic acid and DTA decreased (P < 0.05) at farrowing and lactation in comparison with prefarrowing values.
PBMC Phospholipid Composition
The FA composition of the phospholipid fraction of PBMC changed at farrowing and at lactation (Table 7) . Results from 6 sows are included due to limited recovery of PBMC from the 4 remaining sows in at least 1 of the sampling time points. The main saturated FA were palmitic and stearic acids. The former increased (P < 0.05) at lactation when compared with farrowing. At the same time, stearic acid concentrations were reduced (P < 0.05) at farrowing and lactation in comparison with 1 Plasma samples were taken 2 wk before farrowing (prefarrowing), at 2 d after farrowing (farrowing), and at 18 d of lactation (lactation). Values are expressed as g/100 g ± SEM; n = 10.
2 DTA = docosatetraenoic acid; DPA = docosapentaenoic acid; and DHA = docosahexaenoic acid.
3 ND = not detected. values prefarrowing. Similarly, myristic acid content was diminished (P < 0.05) at farrowing and lactation compared with prefarrowing values. The concentration of DPA increased (P < 0.05) at farrowing compared with other time points. The concentration of linoleic acid was increased (P < 0.05) at lactation in comparison with prefarrowing and farrowing values. Correlation coeffi cients were calculated to establish interactions between plasma NEFA concentration and the content of palmitic, stearic, and oleic acids in plasma NEFA, and PBMC phospholipids (Table 8 ). The NEFA concentrations were positively correlated with palmitic, stearic, and oleic acid concentrations in plasma NEFA (r = 0.51, 0.48, and 0.60, respectively; P < 0.01). Concentrations of palmitic acid in plasma NEFA were correlated with those of stearic and oleic acids in the same lipid fraction (r = 0.95 and 0.88, respectively; P < 0.001). Oleic acid, one of the FA with greater concentrations in plasma NEFA, was strongly correlated (r = 0.79; P < 0.01) with the concentrations of stearic acid in the same plasma lipid fraction. Within the PBMC phospholipids, only palmitic and oleic acids were positively correlated (r = 0.68; P = 0.04). Remarkably, the concentrations of stearic acid in PBMC phospholipids were negatively correlated with those of palmitic, stearic, and oleic acids 1 Plasma samples were taken 2 wk before farrowing (prefarrowing), at 2 d after farrowing (farrowing), and at 18 d of lactation (lactation). Values are expressed as g/100 g ± SEM; n = 10.
2 DTA = docosatetraenoic acid; DPA = docosapentaenoic acid; and DHA = docosahexaenoic acid. in plasma NEFA (r = −0.66, −0.64, and −0.65, respectively; P < 0.05).
PBMC Phenotype Distribution
Farrowing and the onset of lactation were associated with signifi cant changes in the distribution of different PBMC populations (Fig. 2) . Monocyte PBMC (CD172a + and CD16 + ) increased (P < 0.05) at farrowing compared with prefarrowing and lactation values. In contrast, there were no changes (P > 0.05) in the percentages of cells expressing the T cell receptor marker CD3 + at farrowing and lactation. However, specifi c populations of T cells presented variations at farrowing and lactation. The CD4 + cells were less (P < 0.05) at 2 d and 18 d after farrowing compared with prefarrowing values. In contrast, CD8 + cells increased (P < 0.05) at lactation in comparison with prefarrowing. B-cells (CD21 + ) were reduced (P < 0.05) at farrowing and lactation in comparison with prefarrowing. Interactions between PBMC phenotype distribution and FA content in plasma lipids and PBMC membranes were determined ( Table 9 ). The percentage of CD4 + cells was positively associated with the number of CD21 + lymphocytes and negatively correlated with the population of CD172a + cells (r = 0.547 and −0.510, respectively; P < 0.05). Concentrations of total FFA, palmitic and stearic acids in the NEFA fraction, as well as total plasma content of DPA and DHA, were negatively correlated with the numbers of CD4 + cells (r = −0.37, −0.68, −0.65, −0.57, and −0.71, respectively; P < 0.05). The abundance of CD8 + cells within the PBMC populations was positively associated (r = 0.44; P < 0.05) with the concentration of plasma FFA. The CD21 + lymphocytes counts were negatively correlated with the concentrations of palmitic and stearic acids in the plasma NEFA fraction and with the total plasma content of DPA and DHA (r = −0.75, −0.64, −0.29, and −0.36, respectively; P < 0.05). In contrast, the concentration of stearic acid in PBMC cellular membranes was positively associated (r = 0.64; P < 0.05) with the percentage of CD21 + in PBMC. Remarkably, the content of palmitic and stearic acids in the plasma NEFA lipid fraction and that of DPA and DHA in total plasma lipids was positively associated with the number of CD172 + in the PBMC population (r = 0.45, 0.40, 0.75, and 0.58 respectively; P < 0.05). Peripheral blood mononuclear cells (PBMC) phenotype distribution in sows (n = 10). Values are percentage of the population ± SEM as measured by fl ow cytometry using specifi c swine monoclonal antibodies against a cluster of differentiation markers. Sampling time points were 2 wk before expected farrowing (prefarrowing), at 2 d after farrowing (farrowing), and at 18 d of lactation (lactation). Phenotypes were characterized by the binding of antibodies to specifi c clusters of differentiation surface proteins depending on the PBMC lineage: CD172a and CD16 for monocytes/natural killer cells, CD3 for lymphocytes, CD21 for B lymphocytes, CD8 for T-cytotoxic cells, and CD4 for T-helper cells. a-c Means without a common superscript within each specifi c cluster of differentiation group differ (P < 0.05).
PBMC Gene Expression
Signifi cant shifts were observed in the gene expression of proinfl ammatory cytokines in sows (Fig. 3) . The IL-1β expression at lactation was less (P < 0.05) than at prefarrowing or farrowing. Gene expression of IL-8 and TNF were reduced (P < 0.05) at farrowing and lactation in comparison with prefarrowing values. In contrast, there were no variations in IL-6 through farrowing and lactation. Similarly, the gene expression of eicosanoid enzymes was altered at farrowing and the lactation sampling (18 d). Compared with prefarrowing expression, COX1 was increased (P < 0.05) at farrowing whereas COX2 was downregulated (P < 0.05) at 18 d of lactation (Fig. 4) . No changes (P > 0.05) were observed in the expression of the 15LOX1 gene at farrowing and lactation.
Correlation coeffi cients were calculated to establish interactions among PBMC gene expression of proinfl ammatory cytokines, the PBMC phenotype distribution, eicosanoid enzymes, and the concentrations of palmitic, stearic, and oleic FA in plasma NEFA, and DPA and DHA in the total plasma lipids (Tables 10 and   11 ). Gene expression of COX1 was positively correlated with that of COX2 and TNFα and negatively associated with the number of CD172a + PBMC (r = 0.44, 0.39, and −0.33, respectively; P < 0.05). The gene expression of COX2 was positively correlated with the expression of 15LOX, IL-1β, IL-6, and TNFα (r = 0.50, 0.42, 0.55, and 0.44, respectively; P < 0.05). Remarkably, COX1 and COX2 gene expression was negatively correlated with DPA and DHA concentrations in total plasma lipids (r = −0.45 and −0.36 for DPA; −0.62 and −0.42 for DHA; P < 0.05). The expression of 15LOX was positively associated (r = 0.54; P < 0.01) with the expression of IL-6 and was linked with that of TNFα (r = 0.34; P = 0.06). There was a positive correlation between the PBMC gene expression of IL-1β and that of IL-6 and TNFα (r = 0.52 and 0.35, respectively; P < 0.05). In contrast, the number of CD21 + PBMC was negatively associated with the gene expression of IL-1β, IL-6, and IL-8 (r = −0.45, −0.54, and −0.66, respectively; P < 0.05). The expression of IL-6 was associated (r = 0.52; P < 0.01) with that of TNFα. The PBMC gene expression of IL-8 was positively linked (r = 0.35; P = 0.04) with that of TNFα. The Table 9 . Pearson correlation coeffi cients for peripheral blood mononuclear cell (PBMC) populations and plasma NEFA, palmitic and stearic fatty acids in plasma NEFA and PBMC cellular membranes, and total plasma docosapentaenoic acid (DPA) and docosahexaenoic acid (DHA) in total plasma lipids of sows (n = 6) 
DISCUSSION
Greater concentrations of plasma NEFA were observed in the study cohort at farrowing and at 18 d of lactation, refl ecting increased lipid mobilization. These NEFA values are similar to those reported previously (Mosnier et al., 2010) in plasma from sows 2 h after feeding at farrowing and at 15 to 21 d of lactation. The present study evaluated postprandial NEFA concentrations that were less than those during fasting. However, Mosnier et al. (2010) showed that plasma NEFA during fasting at farrowing and 21 d of lactation, although greater in concentration, follow similar dynamics to values at 2 and 4 h after feeding. In fact, the same study reported fasting values above 0.5 mmol/L at both time points. In other species, sustained elevations of NEFA are associated with alterations in PBMC activity. In humans, for example, NEFA > 0.5 mEq/L was associated with increased vascular adhesion and activation (Azekoshi et al., 2010) . Similarly in dairy cattle, plasma NEFA concentrations > 0.6 mmol/L reduced PBMC proliferation activity compared with those < 0.2 mmol/L (Ster et al., 2012 ). An important aspect that was not evaluated in the present study was the direct effect of greater concentrations of plasma NEFA on sow PBMC function. However, this study did outline the need to analyze changes in PBMC function related to variations in NEFA concentrations depending on the fed state and the degree of lipid mobilization.
This study demonstrated for the fi rst time that lipid mobilization at farrowing and lactation is associated with changes in the FA composition of different plasma lipid fractions. Plasma NEFA in this cohort had greater concentrations of palmitic, stearic, oleic, and linoleic acids, which was similar to classic studies (Leat, 1966) . Interestingly, the concentrations of these FA within the NEFA fraction increased signifi cantly at farrowing and lactation. Both sampling points were characterized by enhanced lipolysis as refl ected by greater plasma NEFA concentrations. Previous studies in humans revealed that the plasma NEFA composition is modifi ed largely by the rate of lipolysis in adipose tissue (Yli-Jama et al., 2001) .The main FA found in plasma NEFA constitute around 90% of the adipocyte FA content with palmitic, stearic, oleic, and linoleic acids representing 24, 10, 40 to 50, and 10% of FA, respectively, in swine white adipose tissue (Miller et al., 1971; Bee, 2000) . Interestingly, the content of these FA was positively correlated with the concentrations of NEFA in plasma in the present study. Thus, during times of increased lipid mobilization in sows, such as farrowing and lactation, the composi- Table 11 . Pearson correlation coeffi cients for peripheral blood mononuclear cell populations and gene expression of cyclooxygenase 1 (COX1), COX2, 15 lipoxygenase (15LOX), IL-1β, IL-6, IL-8 , and tumor necrosis factor α (TNFα) in peripheral blood mononuclear cells of sows (n = 6). tion of plasma NEFA may be modifi ed by the release of FA from the adipose tissue. Although this study did not evaluate the FA composition of adipose depots in the sows, the plasma NEFA profi le is not expected to refl ect exactly the composition of adipose tissue for 2 reasons. First, there is a high affi nity of oleic and linoleic acids for plasma lipoproteins; thus, both acids are found at greater concentrations in plasma neutral lipids and phospholipids. This affi nity has been demonstrated in studies in humans and dairy cattle (Hodson et al., 2008; Tyburczy et al., 2008) . Second, differences in the hierarchy of mobilization of FA from adipose triglyceride depots may increase the release or reuptake of certain FA. In fact, a differential rate of mobilization for the major FA was demonstrated previously in rat adipose tissue as follows: linoleic > palmitic > stearic > oleic (Raclot, 2003) . Thus, mobilization rates of specifi c FA could greatly modify FA composition of plasma NEFA and other lipid fractions. Future studies could use the FA composition of plasma NEFA in farrowing and lactating sows described in the present study to supplement immune cells and evaluate cause-and-effect relationships between changes in NEFA concentration and composition with changes in immune cell function. Plasma neutral lipid FA profi les also were modifi ed at farrowing and lactation. The concentrations of both palmitic and stearic acids in this fraction were increased signifi cantly at farrowing, coinciding with increased concentrations of plasma NEFA. At the same time, the concentrations of oleic and linoleic acids were reduced. Similar studies in human subjects demonstrated that triglyceride content of palmitic acid was increased and oleic acid was decreased during fasting, characterized by greater NEFA concentrations compared with 4-h postprandial concentrations (Alipour et al., 2008) . This fi nding may indicate that lipid mobilization affects not only the composition of plasma NEFA, but also increases the saturated FA content of plasma neutral lipids. Greater concentrations of these acids in the triglyceride lipid fraction are known to modify immune function in different species. For example, in humans, greater concentrations of saturated triglycerides containing palmitic acid and medium-chain saturated FA, including caproic (C6:0) and caprylic acids (C8:0), are activators of neutrophils (Wanten et al., 2002) . The present study did not separate plasma neutral lipids into triglycerides and cholesterol esters and, therefore, further studies are required to establish differences in the FA composition of different neutral lipids and the possible impact of their FA profi le on immune function in sows and piglets.
Similar to neutral lipids, the FA with greatest concentrations in plasma phospholipids were palmitic, stearic, oleic, and linoleic acids. Greater concentrations of palmitic and stearic acids were observed at 18 d (lactation sample), but not at farrowing. In contrast, concentrations of linoleic, arachidonic, DPA, and DHA were drastically reduced in the lactation sample. This is similar to what is reported in dairy cattle where increases in the concentrations of saturated FA in plasma phospholipids are associated with reductions in those of MUFA and PUFA in the same lipid fraction (Tyburczy et al., 2008; Contreras et al., 2010) . Interestingly, the concentrations of DPA and DHA were signifi cantly increased at farrowing in plasma and cellular phospholipids, indicating the possibility of preferential mobilization of these FA. Enhanced mobilization rates and transport of these FA are described in pregnant and lactating women (Hornstra, 2000; Lauritzen and Carlson, 2011) . However, differential mobilization of these PUFA in sows remains to be investigated.
Results of the present study indicate that changes in the FA composition of different plasma lipid fractions are refl ected, in part, in the FA composition of PBMC phospholipids. For example, greater palmitic acid content in plasma phospholipids was refl ected in the phospholipid membrane of PBMC at lactation. This study did not analyze the FA composition of individual PBMC populations, but it may be expected that cells with increased traffi cking patterns during farrowing and early lactation, such as CD172a + , would increase their membrane content of palmitate, and possibly other saturated FA. In fact, monocyte counts were positively correlated with palmitic and stearic acids in the NEFA fractions.
Although not yet demonstrated in swine, greater saturated FA in phospholipid membranes may alter immune responses. For example, human endothelial cells and monocytes exposed to palmitic acid enhance their production of infl ammatory cytokines and the expression of eicosanoid enzymes on stimulation with lipopolysaccharide (LPS; Lee et al., 2001; Håversen et al., 2009) . Another important fi nding was that the concentrations of DPA were increased signifi cantly at farrowing. This may refl ect greater concentrations of this PUFA in plasma phospholipids and neutral lipids. Although not demonstrated in sows, there is a greater capacity for both the production and mobilization of DPA and DHA in women during pregnancy and lactation (Otto et al., 2001; Burdge and Calder, 2005) . Greater concentrations of DPA and DHA in plasma and membrane phospholipids may reduce the infl ammatory activity of PBMC at farrowing, and possibly during lactation. Remarkably, these omega-3 PUFA reduce the expression of proinfl ammatory cytokines including IL-6 and IL-8 in monocytes and endothelial cells (Calder, 2009) . Although conjecture, the proinfl ammatory effect of increased palmitic acid content in PBMC phospholipids may be attenuated by greater concentrations of PUFA, including DPA and DHA.
The PBMC populations include lymphocytes (T, B, and natural killer cells) and monocytes. Despite the importance of these blood cells, to our knowledge, this is the fi rst study to characterize shifts in the phenotypic populations of blood monocytes and other mononuclear cells through farrowing and lactation. Monocyte populations characterized by the expression of CD172a + and CD16 + increased at farrowing. Prefarrowing values for both monocyte markers are similar to those reported 10 d before parturition in a recent study that characterized PBMC populations during gestation in sows (Schierack et al., 2009) . Interestingly, shifts in monocyte populations are analogous to what was reported for periparturient females of other species, including dairy cattle and humans (Buchan et al., 1985; Contreras et al., 2010) . Greater CD16 + populations at parturition may be explained, in part, by the greater plasma catecholamine concentrations that characterize labor and the fi rst days of lactation. In humans, CD16 + monocytes are proinfl ammatory effector cells that increase in response to catecholamine secretion (Ziegler-Heitbrock, 2007) . Alterations in the B-and T cell distributions also were observed in the present study. Greater percentage of CD8 + T cells and reductions in CD4 + cell populations at farrowing may have an impact on sow immune function. Further studies are necessary to completely characterize PBMC traffi cking patterns including a thorough description of T-and B-cell populations shifts and to assess their effect on disease susceptibility in both sows and piglets.
The expression of proinfl ammatory cytokines and the biosynthesis of lipid mediators are important aspects of the infl ammatory process. Strikingly, and unlike other species including humans and cattle, the gene expression of proinfl ammatory cytokines was downregulated at parturition. This may be partially explained by greater contents of DPA and DHA in plasma total lipids and in phospholipid and neutral plasma lipid fractions after farrowing. Both omega-3 PUFA reduce the expression of proinfl ammatory cytokines including IL-1β and TNFα in monocytes (Babcock et al., 2002) . Furthermore, DPA and DHA concentrations also may have infl uenced PBMC COX1 and COX2 gene expression, as demonstrated by the negative correlations between the gene expression of the enzymes and the plasma concentrations of the acids. In fact, previous studies in monocyte cell lines showed reductions in COX2 activity in response to supplementation with omega-3 FA (Bagga et al., 2003) . However, mononuclear cells enzymatic response in vivo is not necessarily refl ected in in-vitro experiments for different reasons. First, DPA and DHA concentrations used in vitro are often not nutritionally achievable or are not economically feasible in swine operations. Second, cellular incorporation of omega-3 FA is modifi ed by several factors in vivo that cannot be modeled in vitro.
Thus, future studies are required to evaluate monocyte eicosanoid biosynthetic activity of the sow during lipid mobilization events and omega-3 supplementation. Interestingly, the transcription of COX2 was associated with that of proinfl ammatory cytokines refl ecting a close interaction between the biosynthesis of COX2-derived mediators and infl ammatory processes. As for COX1, its up-regulation at the time of farrowing is similar to what is observed in other mammals where its products are required to induce cervix relaxation and initiate parturition (Reese et al., 2000) .
Adipose tissue activity is proven to infl uence immune function around parturition and during early lactation as demonstrated in mares and dairy cows (Scalia et al., 2006; Saleri et al., 2011) . This suggests that enhanced lipid mobilization may increase susceptibility to health disorders during farrowing and lactation in sows. Similarly, because piglet passive immunity depends on immunoglobulins and cellular immune elements derived from the sow in the immediate postpartum period, there are also implications for litter health, growth, and survival. This study provided necessary data describing changes in FA composition of serum lipid fractions and PBMC cellular membranes in sows at farrowing and lactation. Furthermore, it made an initial assessment of infl ammatory response changes in mononuclear cells as a function of lipid mobilization in sows. Future studies need to address the effect of increased NEFA concentrations, the main hallmark of lipid mobilization, and changes in plasma and cellular lipid profi les on immune function, disease susceptibility, and sow performance.
